Abstract: Integration of regional seismic interpretation, sonic velocity, vitrinite reflectance and apatite fissiontrack analysis (AFTA 1 ) studies has demonstrated that the western region of the Moray Firth rift arm (UK North Sea) experienced pronounced exhumation during the Cenozoic. Although this basin is usually considered to have experienced regionally uniform exhumation, interpretation of new seismic data has revealed the presence of a major system of post-Jurassic normal faults, with throws commonly in the range of 10-300 m and locally exceeding 1 km. New, high-quality seismic data are used in combination with AFTA and vitrinite reflectance data to investigate the role of extensional faulting during exhumation of this basin. Results of this interpretation not only confirm the offsets across major faults, but also show that greater exhumation and erosion occurred on their footwalls than on their hanging walls. We conclude that the localized, differential exhumation is the result of superposition of local or short-spatial-wavelength extensional tectonics upon regional, long-spatial-wavelength exhumation. These results suggest that differential exhumation might be characteristic of unroofed rift basins where normal faults subcrop the exhumation-related unconformity and that, in such cases, thermal histories from footwall locations may yield inaccurate predictions of the burial history of hanging-wall depocentres. Inaccurate burial histories will lead to a misrepresentation of the thermal history, with an impact on the estimation of hydrocarbon source rock maturity for petroleum basins.
The Moray Firth rift basin is located on the western arm of the UK North Sea Late Jurassic trilete rift system. Stratigraphic datum points in the western extremity of the Moray Firth basin, the Inner Moray Firth, are c. 500-1500 m shallower than they are in the Viking and Central Graben areas to the east. The shallower depth of Jurassic sediments, and the major sea-bed unconformity in the Inner Moray Firth, is generally regarded as the result of early Tertiary exhumation (Underhill 1991a; Hillis et al. 1994) . (In this paper we use the term 'exhumation' to refer to height above maximum burial depth relative to the datum of present-day mean sea level.)
The deep structure of the Inner Moray Firth basin is dominated by numerous extensional tilted fault blocks that were active during the Late Jurassic synrift episode (Underhill 1991a) . The basin's overall configuration is defined by three major fault systems; the Wick Fault on the northern margin, the Banff Fault to the south and the Helmsdale Fault to the west (Fig. 1a) . Newly acquired seismic data have allowed detailed mapping of the entire basin structure bounded by these fault systems (Fig. 1a) . The purpose of this paper is to integrate this new structural interpretation with direct measurements of exhumation from wells in the basin, using new apatite fission-track analysis (AFTA 1 ) and vitrinite reflectance (VR) data obtained from deep petroleum exploration wells in the basin interior, to more fully understand the kinematics of post-Jurassic basin evolution. On the basis of these results, specifically from two exploration wells, we present here a new model of partitioned net exhumation for this basin.
Database
The seismic database consists of over 2500 km of regional 2D seismic lines. Line spacing is generally of the order of 1-2 km. Well data consist of 54 penetrations, almost all drilled to depths in excess of 2500 m (Fig. 1a) . New AFTA data have been made available to this study from a number of these wells and onshore locations, but we examine in detail two offshore exploration wells, 12/23-1 and 12/24-2 (Fig. 1a) . These two wells are located with 5 km separation on either side of the Smith Bank Fault and are conveniently placed to compare the exhumation on either side of this major sub-basin fault (Fig. 1a) . These new offshore AFTA data were integrated with new VR measurements to give estimates of the magnitude and timing of exhumation.
Data analysis: evidence for presence, timing and magnitude of basin exhumation
Regional seismic mapping
Tilt of the whole of the western area of the North Sea is apparent from regional studies of seismic and well data (Underhill 1991a; Underhill & Partington 1993; Japsen 1997 Japsen , 1999 ). This tilt is responsible for the relative elevation of the Inner Moray Firth rift in comparison with the deeper North Sea sub-basins further east. Sea-bed subcrop mapping within the Inner Moray Firth confirms the easterly dip of the strata (Andrews et al. 1990; Fig. 1a) . The stratigraphic column penetrated to date by exploratory wells Main map shows database of 2D seismic data and wells superimposed on map of geology at sea bed, modified in this study after Andrews et al. (1990) within the entire Moray Firth rift is illustrated in Fig. 1b fig. 4 of Argent et al. 2000) . Argent et al. (2000) pointed out that the Chalk Group is the cause of many sub-Cretaceous seismic imaging problems in the North Sea, even with recent high-fidelity 3D data. Its absence from the Inner Moray Firth results in improved image quality, allowing correlations across faulted Lower Cretaceous and Jurassic sections to be made with a high degree of confidence. As indicated in Fig. 1a , most of the wells in the basin were available to this study and were used to constrain the seismic interpretation. Present-day Base Jurassic structure as mapped is shown in Fig. 2 . The quality of data on which this mapping is based and the nature of the structures themselves is shown in Fig. 3 , which illustrates an Upper Jurassic synrift package growing into the major extensional sub-basinal faults in the middle of the basin (Underhill 1991b) . The largest faults in the Inner Moray Firth have up to 2 km offset of the Base Jurassic reflector. However, these large sub-basin bounding faults also offset the Base Cretaceous (Fig.  3 ) and the Base Tertiary, with throws in the range of 10-300 m. Therefore, although these structures are principally Mesozoic in age, they have a significant post-Jurassic history of reactivation that is essentially absent from the deeper North Sea sub-basins (e.g. Glennie & Underhill 1998) . Some minor movement may have occurred during the deposition of the earliest Early Cretaceous, Hauterivian Stage (Fig. 3) . This movement is of the order of tens of metres of displacement on the Smith Bank Fault, indicated by the minor sequence thickening towards the fault at this level. Correlation of footwall with hanging-wall reflectors suggests that subsequent Cretaceous deposition was not associated with any further extensional fault movement. The most significant component of extensional reactivation of these structures was post-Cretaceous, indicated by mapped offsets of the Top and Base Cretaceous across the main faults in the basin (Fig. 1a) .
Vitrinite reflectance (VR)
A plot of VR data against depth from Inner Moray Firth exploration wells (Fig. 4) shows a wide variance of values, although individual wells exhibit consistent reflectance gradients. The vast majority of the VR data here has been determined in the organic-rich source unit of the Upper Jurassic Kimmeridge Clay Formation, often resulting in anomalously low VR estimates because of suppression effects. Unfortunately, it is not known if this combined dataset from a variety of released commercial studies consistently incorporates the variable absorption of sapropelic material within the marine clays of the Upper Jurassic shales, which may lower VR values. Large amounts of bitumen (Hutton et al. 1980 ) and oil-prone macerals (Price & Barker 1985) retard the normal increase of VR with maturity in such source shale intervals. Notwithstanding the scatter in the dataset as a whole, the VR recorded by the majority of the wells is found to be higher than that expected for its equivalent sample depth when compared with their counterparts in the Outer Moray Firth. A reasonable explanation for this disparity is relative exhumation of the samples from the Inner Moray Firth compared with those in the Outer Moray Firth, resulting in higher apparent VR values for a given depth. In contrast, a sustained period of elevated heat flow in the region of the Inner Moray Firth would cause an offset that increases with depth. If heat flow in the region has remained close to present-day values, extrapolation of data from individual wells in Fig. 4 to surface values for unheated vitrinite (the vitrinite reflectance of wood is 0.2%) implies exhumation in the range of 500-2000 m. Hillis et al. (1994) showed that sonic velocity data for the Chalk and Kimmeridge Clay Formation shales in the Inner Moray Firth are consistent with overcompaction with respect to their presentday depth. This overcompaction suggests that these sections have been exhumed to some degree from their maximum burial depths (Fig. 5) . Hillis et al. (1994) showed that these results contrast with those obtained from the Outer Moray Firth, where formations show no sign of overcompaction relative to their presentday depths of burial. As there is no significant change in shale composition between the Inner Moray Firth and Outer Moray Firth, such overcompaction can be explained only by exhumation of the sediments from deeper burial depths. This interpretation is in agreement with the other evidence for exhumation of the Inner Moray Firth basin discussed so far. Estimates of the amount of exhumation of individual Inner Moray Firth wells range from 580 to 1280 m. Although there was a significant spatial variation in the degree of exhumation between wells (Fig. 5) , Hillis et al. (1994) did not attempt to relate this to the underlying basin structure.
Sonic velocity data

Apatite fission-track analysis (AFTA)
AFTA is based on measurement of naturally occurring radiation damage trails or 'fission tracks' caused by the spontaneous fission of uranium within detrital apatite grains, which are a common constituent of most sandstones. The technique exploits the self-healing property of these tracks, which form at a constant rate through time and then shorten ('anneal') at a temperature-dependent rate. By measuring a 'fission-track age' (based on the number of tracks on a polished apatite grain surface) and the distribution of track lengths, it is possible to estimate the maximum palaeotemperature attained by a rock sample and the time at which the sample began to cool towards the present-day temperature. AFTA procedures and examples have been described in detail in several publications (e.g. Green et al. 1989a Green et al. , 1989b Bray et al. 1992) .
The capacity of AFTA to provide an independent determination of the timing at which cooling began is particularly useful in the reconstruction of thermal and burial histories of sedimentary basins, especially if there are unconformities representing large time gaps (Duncan et al. 1998) . In the case of the Inner Moray Firth, the Cretaceous and Tertiary sections that are present elsewhere in the North Sea are absent. Their absence is due to either exhumation and erosion of the section or non-deposition. The evidence discussed so far (seismic, VR, sonic velocity) has indicated that exhumation and erosion were responsible. AFTA provides a further, independent, means of testing this and has the potential to yield estimates of timing in addition to the magnitude of basin exhumation.
Combined AFTA and VR in the determination of exhumation magnitudes
The combined interpretation of the thermal history of both AFTA and VR data begins by assessing whether the fission-track age and track length data in each sample (and/or the VR value) could have been produced if the downhole sample had never been hotter than the present-day temperature at any time since its deposition. A burial history derived from progressively removing the overlying preserved sedimentary section is combined with the present-day geothermal gradient to construct a 'default thermal history' for each sample. Using this history, default AFTA and VR parameters can be modelled for each sample. If the observed data are consistent with the values predicted from this default history, then the sample is at or close to its maximum Notwithstanding the scatter in the dataset as a whole, the VR recorded by the majority of the wells is found to be higher than that expected for its equivalent sample depth when compared with their counterparts in the Outer Moray Firth (OMF). As indicated here, this can be interpreted as exhumation.
post-depositional temperature. If, however, the data show a greater degree of fission-track annealing or VR maturity than expected on the basis of this default history, the sample must have been hotter in the past than it is at the present-day depth of burial. In such cases, AFTA provides an estimate of the time at which cooling began, and both AFTA and VR constrain the magnitude of the maximum palaeotemperature reached by individual samples. Further details on the thermal history response of fission tracks in apatite, the development of AFTA parameters, and the use of AFTA and VR to extract thermal history solutions in sedimentary basins have been given by Green et al. (2001a Green et al. ( , 2001b Green et al. ( , 2002 .
Analysis of samples and determination of palaeotemperatures over a range of depths within a vertical well section allows determination of the palaeogeothermal gradient at the onset of cooling. Extrapolation of the palaeogeothermal gradient to an assumed palaeo-surface temperature allows estimation of the amount of missing section (Fig. 6 ). This provides a measure of the magnitude of exhumation. Combining results from AFTA and VR has two advantages. First, because each technique is calibrated independently, each of the two methods provides independent verification of the results from the other. Second, the joint approach also affords the opportunity to obtain data from various lithologies through the well, to provide palaeotemperature assessment over as wide a depth interval as possible (allowing more precise constraints on palaeogeothermal gradients and removed section).
Results from two Inner Moray Firth wells
Wells 12/23-1 and 12/24-2 were selected because of their proximity to one another on adjacent margins of a major subbasinal extensional fault (Smith Bank Fault). Well 12/23-1 is located in the footwall and 12/24-2 is located in the hanging-wall section ( Fig. 1) . AFTA data in six samples from these two wells are summarized in Table 1 . AFTA parameters in each well (fission-track ages and mean track lengths) are plotted as a function of depth and present temperature in Fig. 7 , where the fission-track age data are contrasted with the variation of stratigraphic age through the section.
Qualitative examination of the AFTA parameters from these wells shows significant contrasts that suggest major differences in the thermal history of the sequences in these two wells. For instance, fission-track ages in samples from well 12/23-1 in Fig.  7 show a more rapid decrease with depth or temperature compared with results from well 12/24-2, and at depths around 2600 m the mean track length is shorter in well 12/23-1 than in well 12/24-2.
These differences are further emphasized in Fig. 8 , which shows the pattern of fission-track age v. chlorine content in sample GC237-30 from well 12/23-1 and sample GC237-55 from well 12/24-2. Most common apatites are fluorine rich; however, they may contain appreciable amounts of chlorine. The amount of chlorine in the apatite lattice exerts an important compositional control on the degree of fission-track annealing. Apatites richer in fluorine are more easily annealed than those richer in chlorine. The result of this effect is that in a single sample, individual apatite grains may show a spread in the degree of annealing. This effect becomes more pronounced at temperatures ranging from 90 to 120 8C and can therefore be useful when dealing with samples exposed to temperatures in this higher range (Green et al. 1996) .
For each sample, the measured ages are contrasted with the pattern of age v. chlorine content predicted from the respective default thermal history for each sample. These results illustrate a key difference between the two samples, taken from present-day temperatures of 80 8C and 90 8C, respectively. Given that the default thermal histories for both samples involve residence at or above these temperatures for at least 65 Ma, representing the present-day sea-bed unconformity in each well, we might expect a slightly greater degree of annealing (age and length reduction) in sample GC237-55 (from 90 8C in well 12/24-2) compared with sample GC237-30 (from 80 8C in well 12/23-1). In fact, as the sea-bed unconformity in well 12/23-1 represents a longer interval than that in well 12/24-2, the predicted degrees of annealing are very close in the two samples despite the lower present-day temperature of GC237-30, as shown by the predicted lengths in Table 2 . However, the measured data show a very different pattern. In sample GC237-30, all measured ages are much less than the values predicted from the default thermal history, showing that this sample has been hotter in the past. In contrast, measured ages in sample GC237-55 are either close to or greater than the values predicted from the default thermal history, suggesting that this sample has not been appreciably hotter than its present-day temperature at any time since deposition.
Quantitative thermal history interpretation of AFTA and VR data from these wells (following principles outlined byGreen et al. (2001a, 2001b, 2002) ) is summarized in Table 2 . This interpretation confirms the qualitative differences discussed above, and reveals further details of the thermal history of the sequences intersected in each well, as discussed in the following sections.
Well 12/23-1. Fission-track age and mean track length data were analysed for four samples at various depths within this well (Table 1) . The AFTA results, taken as a whole, show that each sample has cooled from a higher temperature in the past. The evidence for this cooling event comes from the track length data in samples GC237-27, -28 and -29, which show a greater degree of reduction in track length than can be explained using the default thermal history (Table 2) , and from fission-track age data in sample GC237-30, which show a greater degree of age 
All analytical details are as described by Green (1986) , with the exception that some thermal neutron irradiations show a significant flux gradient, in which case the appropriate value of r D was determined by linear interpolation through the stack of grain mounts. Ã All numerical values for stratigraphic ages assigned following Harland et al. (1989) . y Numbers in parentheses show the number of tracks counted in determining all track densities. { Central age (Galbraith & Laslett 1993) , used for samples containing a significant spread in single grain ages (P(÷ 2 ) ,5%). § Numbers in parentheses show the number of track lengths measured. reduction than can be explained by the default thermal history (Table 2 and Fig. 7) .
Estimates of the magnitude of maximum palaeotemperatures and the time at which cooling from those palaeotemperatures began, derived from the AFTA data in each sample, are summarized in Table 2 . Maximum palaeotemperatures increase downhole, from 65-85 8C in sample GC237-27 to .100 8C in sample GC237-30. Assuming that the data from all the samples represent a common thermal event, comparison of the timing constraints from all four samples would be consistent with a single episode of cooling beginning sometime between 100 and 40 Ma, consistent with an early Tertiary event. AFTA data from a larger number of wells in the Inner Moray Firth, also analysed as part of this study (but not fully reported here), allow this timing to be refined further to the interval 60-55 Ma, showing that the sampled units began to cool from maximum postdepositional palaeotemperatures in the Early Tertiary (Fig. 9) . All the samples illustrated in Fig. 9 broadly suggest an early Tertiary age for the onset of cooling within 95% confidence limits. However, by combining the data for all the samples a refined timing of 55-60 Ma for the onset of cooling is found via overlap of the sample cooling ranges. A single sample, from well 12/29-1, is excluded from this interpretation. The onset of cooling for this sample is later, sometime between 0 and 20 Ma, and is inconsistent with that derived from all other wells and outcrop locations. Whether these data are genuine, or are some kind of analytical artefact is not known at present. On this basis, we feel that the palaeothermal effects recognized in well 12/29-1 are probably best interpreted in terms of the same Early Tertiary episode as recognized in the other samples. However, the possibility of a real difference in timing, with a later onset of cooling for the Banff High on which well 12/29-1 is located cannot be ruled out.
VR from downhole samples in well 12/23-1 are shown in Fig.  4 . As summarized in Table 2 , two VR values from the Barremian section and one from the Lower Permian section are higher than the values predicted by the respective default thermal history, suggesting that these units have been hotter in the past compared with their present-day temperatures. In contrast, VR values from the Upper Jurassic units in this well give anomalously low offset from the default thermal history compared with other samples from this well. This is probably due to the sapropel-rich character of the Upper Jurassic Kimmeridge Clay Formation, which is not considered to provide a reliable measurement of the true thermal maturity of this well. Maximum palaeotemperatures derived from the VR data in this well using the kinetic model of Burnham & Sweeney (1989) increase downhole from ,50 8C in the Lower Cretaceous section to 92 8C in the Permian section ( Table 2) .
The combined palaeotemperature constraints from the VR and AFTA in well 12/23-1 are shown plotted against depth in Fig.  10a . Palaeotemperatures derived from the AFTA are consistent with those from the VR data at similar depths with the exception of the suppressed VR values obtained from the Upper Jurassic section, which are much lower than the palaeotemperatures suggested by AFTA. Apart from the Upper Jurassic VR, both the AFTA and VR data therefore represent the same episode of heating. Figure 10a shows that the AFTA and VR data both define a linear depth profile, subparallel to the present-day temperature profile but offset to a higher temperature by between 30 and 50 8C. This profile therefore suggests that the observed palaeotemperatures could be explained largely in terms of extra heating as a result of additional depth of burial, with subsequent cooling due to exhumation and erosion. The timing of this cooling event indicated by AFTA (100-40 Ma) coincides with a pronounced unconformity at a depth of 135 m in this well, across which the Barremian to Pleistocene section is absent. Therefore deeper burial, and subsequent exhumation during this interval, provides a viable explanation of the observed early Tertiary palaeotemperatures in this well.
Well 12/24-2. Results from the two AFTA samples taken from well 12/24-2 match the default thermal history predictions (Fig.  7 , Table 2 ). The maximum limit of 125 8C set by the data from sample GC237-56 is only 4 8C above the present-day temperature of 121 8C at this depth, suggesting that only a very limited amount of additional heating may have affected this sample.
Palaeotemperature constraints from VR in this well are plotted against depth in Fig. 10b . Values derived from these VR data are lower than the present-day temperature profile. Maximum palaeotemperatures derived from the VR data vary between 69 and 95 8C, suggesting that these VR data are anomalously low; they are interpreted as having been subject to sapropelic suppression, as these samples were taken within the Upper Jurassic Kimmer- Fig. 8 . Measured fission-track ages in individual apatite grains from sample GC237-30 (well 12/23-10) and sample GC237-55 (well 12/24-2), plotted against Cl content (measured by electron microprobe). Results from each sample are compared with the pattern predicted from the respective 'default thermal history', i.e. the pattern expected if the sample had not been hotter than its present temperature at any time since deposition. Measured ages in the sample from well 12/23-1 are much less than the predicted values, whereas results from well 12/24-2 are generally older than predicted. This shows that whereas the sample from well 12/ 23-1 has been hotter in the past, the sample from 12/24-2 is now at (or close to) its maximum post-depositional palaeotemperature. idge Clay Formation. Alternatively, the present-day geothermal gradient may be lower than that used in calculating the profile. At present there is no way of discriminating between these two possibilities; however, the present-day geothermal gradient of 32.4 8C km À1 is comparable with that of well 12/23-1 with a present-day gradient of 29.7 8C km À1 taken from temperature measurements made while wireline logging of these wells was completed.
The combined results from AFTA and VR from both these downhole samples show no clear evidence of transient palaeogeothermal anomalies in the section, and the most likely explanation of the data is that all the units throughout the well are currently at or close to their maximum temperatures since deposition. We conclude that the VR results from this well consist of anomalously suppressed values, as the present-day thermal gradient of 32.4 8C km (from corrected borehole temperatures) is not unusually high and is consistent with geothermal gradients measured in other Inner Moray Firth wells.
Calculation of exhumation magnitude from wells 12/23-1 and 12/24-2
Estimates of the maximum palaeotemperatures from samples taken over a vertical depth range, such as from an exploration well, provide the capability of determining the palaeogeothermal gradient immediately before the onset of cooling. Having constrained the palaeogeothermal gradient, and assuming a value for the surface temperature at the time, the amount of section subsequently removed by exhumation and erosion can be calculated as illustrated in Fig. 6 . The total amount of section removed is obtained by dividing the difference between the palaeo-surface temperature (T s ) and the intercept of the temperature profile at Harland et al. (1989) . y Values of vitrinite reflectance (for VR samples) or fission-track age and mean track length (for AFTA samples) predicted from the respective 'default thermal history' (as defined in the text) for each sample. { Numbers in parentheses show the number of fields measured, where available. § Thermal history interpretation has been carried out using methods outlined by Green et al. (2001a,b) . 
Default burial history
Sea Bed 89m RKB the appropriate unconformity (T i ) by the estimated palaeogeothermal gradient. This method relies on the assumption that the temperature profile was linear both throughout the section analysed and through the overlying section that has been removed. Consistency between estimates of eroded section derived in this way and other estimates such as seismic sections suggests that this assumption should be valid (Green et al. 1995) . The calculated Early Tertiary palaeotemperature profile in well 12/23-1 is linear and subparallel to the present-day temperature profile (with a gradient of c. 30 8C km in each case), supporting the evidence discussed above that heating was mainly due to additional depth of burial (with subsequent cooling as a result of exhumation) rather than elevated, transient heat flow. An estimate of the thickness of section eroded from the sea-bed unconformity can be made by making a linear extrapolation of the present-day and palaeogeothermal gradients to a surface temperature of 6 8C. This method yields 1.05-1.25 km of missing section from well 12/23-1.
In contrast, results from well 12/24-2 do not require any appreciable amount of eroded section. This indicates a significant variation in the amount of exhumation between these two wells, in spite of their limited spatial separation (5 km). However, the wells lie either side of the Smith Bank Fault, a major normal fault that is seen to have a history of post-Jurassic extensional movement on seismic data. A possible alternative interpretation is that the palaeogeothermal gradient in well 12/24-2 could have been underestimated, such that the section was hotter in the past, therefore allowing some degree of Tertiary exhumation and erosion. However, the amounts of removed section must be fairly small as the Chalk Group is still present in the shallow section of the well and some degree of structural control would still be required to explain the differences in thickness of the preserved section between the two wells.
Integration of AFTA and VR results with seismic imaging of Smith Bank Fault
A seismic line tying wells 12/23-1 and 12/24-2 illustrates the post-Jurassic history of extensional movement on the Smith Bank Fault (Fig. 11) . Mapping of the whole dataset (Fig. 1a) shows that most of this displacement is post-Cretaceous. The depths to Base Jurassic and Base Cretaceous in the wells, tied to the seismic image, indicate that there has been 2350 m of postTriassic displacement on the Smith Bank Fault, of which 750 m is post-Jurassic. Uncertainty in these estimates arises principally from seismic time to depth conversion away from the well control and we estimate that the error in these measurements is ,30 m. Differential burial between these two wells was estimated at 670 m in the sonic velocity study of Hillis et al. (1994) at the level of the Base Cretaceous. This burial estimate is comparable with the integrated AFTA and VR data results obtained in this study, which additionally suggest that cooling commenced at 55-60 Ma. Although the thermal history reconstruction may have marginally overestimated the amount of exhumation, the results from this integrated AFTA and VR study may be indicative of uncertainty in the palaeogeothermal gradi- ent estimation. In addition, results from well 12/24-2 would allow a small amount of removed section in that well, with cooling of 5-10 8C equivalent to c. 150-300 m of missing section, which could not be resolved within the palaeotemperature data (as the Chalk Group subcrops at the sea bed in the location of well 12/24-2, some degree of erosion must have occurred at this site). These independent estimates of exhumation are all consistent with the seismically observed post-Jurassic offset of 750 AE 30 m. Most of these large sub-basinal bounding faults in the Inner Moray Firth exhibit some degree of postJurassic fault reactivation (Fig. 1) , and similar to the Smith Bank Fault, these faults are truncated at the sea bed.
Kinematics of basin exhumation
Here we synthesize the observations and interpretations presented so far into a tectonic model representing basin exhumation. Rather than choose a specific model straight away, we first define three end-member kinematic options, each model characterized by various combinations of regional exhumation (on a wavelength of hundreds of kilometres) and fault tectonics (Fig. 12) . The effects of the end-member models are depicted in relation to an initial rift basin template (Fig. 12a ) that is intended to represent the geometry of the Inner Moray Firth at the end of the Cretaceous. In the following discussion we choose a preferred model.
The first possibility shown in Fig. 12b has little or no contribution from intra-basinal faulting during regional uplift and can be termed epeirogenic exhumation (Hallam 1963; McKenzie 1984) . Epeirogenic exhumation would lead to smooth, progressive variations in exhumation of flat, regional stratigraphic markers (Fig. 12b) , as noted elsewhere on the Atlantic margins (e.g. Pazzaglia & Gardner 1994; Rohrman & van der Beek 1996) . The spatial variations in the amount of exhumation suggested by previously published studies (Hillis et al. 1994) and confirmed by the investigation of the Smith Bank Fault presented here, suggest that local, differential exhumation has been important and we rule out epeirogenic exhumation as shown in Fig.  12b as the single mechanism responsible for basin exhumation of the Inner Moray Firth.
At the other extreme, reverse faulting could cause the pattern of exhumation and basin inversion. The differential exhumation of well 12/23-1 relative to well 12/24-2 could be accounted for if well 12/23-1 lay in an overthrust block. This defines a second kinematic possibility of basin-wide inversion controlled by reverse reactivation of extensional faults, with or without a background signature of epeirogenic exhumation, giving a heterogeneous picture of basin inversion (Fig. 12c) and perhaps better accounting for the rapid local variations in degree of exhumation suggested by various Inner Moray Firth studies. This type of heterogeneous inversion occurred during the Cretaceous and Tertiary on the south margin of the southern North Sea (Badley et al. 1989) . However, the seismic data (Figs. 3 and 11) clearly show that the Smith Bank Fault is an extensional fault dipping to the SE and not a reverse fault dipping to the NW as required by the well 12/23-1 data. We rule out this option because of the incompatibility between the kinematics of this model and the data.
A third kinematic model combines a background of regional exhumation accompanied by extensional faulting (Fig. 12d) . The displacement across extensional faults is usually partitioned c. 17:3 between hanging-wall subsidence and footwall exhumation relative to local datum points (Jackson et al. 1988; Gibson et al. 1989) . However, if the entire area that is being extensionally faulted is simultaneously regionally exhumed, the net movement of hanging wall and footwall relative to regional datum points will be a function of both processes. Both sides of the extensional fault may become exhumed relative to regional datum points, in spite of extension across the fault (Fig. 12d) . Downthrow of the hanging wall is essentially buffered by the regional exhumation. We propose that this third kinematic model accounts for the spatial variation in exhumation observed in the various lines of evidence from Inner Moray Firth presented in this paper. This model accounts for the curious phenomenon of wells in hanging-wall lows exhibiting conventional, nonexhumed thermal histories whereas adjacent wells on footwalls highs can show significant amounts of exhumation. The model reconciles documented regional uplift of the west margin North Sea basin (Rohrman & van der Beek 1996; Japsen 1997 ) and post-Jurassic basement-linked extensional fault reactivation, which although restricted to the Inner Moray Firth (Underhill 1991a (Underhill , 1998 Stewart 1996) has also been identified in the Bressay area of the East Shetland Basin (Underhill 2001) . It should be noted that in adopting this model we do not suggest any genetic link between the regional exhumation and the extensional faulting in the Inner Moray Firth. The Cenozoic extensional faulting in the Inner Moray Firth basin demonstrated here may also have occurred onshore and contributed displacement to fault contacts in the deeply eroded basement of the Scottish Highlands (see Roberts & Holdsworth 1999 and Thomson et al. 1999) . This model of heterogeneous finite exhumation has implications for petroleum systems modelling. If, for example, all the well data were confined to penetrations into the footwall highs within this basin, as is often the case in the early phases of hydrocarbon exploration, the magnitude of hanging-wall burial might have been overestimated. This overestimate might result from projecting a missing or condensed section observed in the wells drilled into structural traps on the footwall highs into pseudo-wells used to model burial history of the hanging-wall lows. Modelling the basin in such a way would lead to an erroneous estimate of kerogen maturity within the hydrocarbon kitchen areas.
The net result of the tectonic model described in this paper is partitioning of exhumation across extensional faults. It is not known at present how extensive this phenomenon is along the western margin of the North Sea, or the eastern margin of the Atlantic. However, it is possible that this effect may be found wherever Mesozoic faults are exhumed to the sea bed or surface, and exhumation data measured in adjacent fault blocks should be projected across these faults with some circumspection.
Conclusions
A synthesis of seismic, apatite fission-track analysis and vitrinite reflectance data from the Inner Moray Firth Basin shows significant local variations in Cenozoic exhumation across extensional faults. We account for these observations with a kinematic model of differential basin exhumation consisting of superposition of regional, epeirogenic exhumation, and local, short-wavelength extensional faulting. Although the hanging wall of the extensional faults is of same order as the degree of 'regional' exhumation, the true nature and extent of 'basin inversion' appears to have been recorded only in their footwalls.
